INTRODUCTION
Color vision starts already at the first synapse of the visual system: In the outer retina, signals from short (S, ''blue''), middle (M, ''green''), and long (L, ''red'') wavelength-sensitive cone photoreceptors are compared and chromatic information is segregated into parallel pathways and along two dimensions: red-green and blue-yellow (for review, see Dacey, 2000; Neitz and Neitz, 2011) . Among mammals, red-green (L versus M) opponency is restricted to trichromatic primates. It results from a gene duplication event that occurred ''only'' 30-35 million years ago (for review, see Nathans, 1999) and largely relies on cone-type unselective retinal processing (Field et al., 2010; Jusuf et al., 2006a) . In contrast, blue-green (S versus M) opponency is common to most mammals and represents the basis of dichromatic color vision. It is thought to rely on highly cone-type selective, evolutionary ancient retinal circuits (Chen and Li, 2012; Puller and Haverkamp, 2011; Sher and DeVries, 2012) . The primate's equivalent of the blue-green pathway implements blue-yellow (S versus L+M) opponency (Zrenner and Gouras, 1981) , and the underlying retinal circuits have been studied in great detail (for review, see Dacey, 2000) . For example, one of the primate ganglion cell types displaying S versus L+M opponency, the ''small bistratified'' cell (Crook et al., 2009; Dacey and Lee, 1994) , receives input from ON-bipolar cells that exclusively contact S-cones (''blue-cone bipolar cells'') and OFF-bipolar cells that largely avoid S-cones (Calkins et al., 1998; Ghosh and Grü nert, 1999) .
There is also evidence for an alternative blue-yellow opponent pathway that may not rely on these ''classical'' S versus L+M-cone circuits. First, psychophysical experiments revealed properties of human blue-yellow perception that cannot be explained by the properties of known S versus L+M opponent retinal ganglion cells (De Valois and De Valois, 1993; Drum, 1989; Neitz and Neitz, 2008) . Second, human subjects lacking the glutamate receptors mediating photoreceptor transmission onto ONbipolar cells, which include blue-cone bipolar cells, show no substantial deficits in blue-yellow color vision (Dryja et al., 2005) . Nevertheless, the search for cone-type selective retinal circuits with properties predicted by psychophysical experiments has not yet been successful (for discussion, see Neitz and Neitz, 2011) . One possible way out of this dilemma may come from recent genetic studies: Behavioral experiments showed that dichromatic animals display trichromacy after introducing a transgene coding for a third type of cone opsin (mice: Jacobs et al., 2007; squirrel monkey: Mancuso et al., 2009 ). This rapid emergence of a new dimension in color space in former dichromats may be due to the formation of novel circuits; however, it is more likely that preexisting, cone-type unselective retinal microcircuits are able to extract (new) chromatic information (Makous, 2007; Shapley, 2009) . The latter possibility could also provide for the ''missing'' substrate needed for a comprehensive explanation of blue-yellow perception.
Chromatic opponency can arise in retinal circuits that lack cone-type selective connections (''random wiring''), if (1) the circuit compares input from different regions of the cone array, e.g., in form of an antagonistically organized center-surround receptive field, and (2) an anisotropy in cone distribution and/ or opsin expression is present (Neitz and Neitz, 2011; Paulus and Krö ger-Paulus, 1983) . In this context, anisotropy refers to any difference in opsin expression ratio between two retinal positions. How chromatic opponency arises from (local) anisotropies in the cone mosaic in combination with random wiring has been studied for L versus M opponency in the primate midget pathway (e.g., Crook et al., 2011; Field et al., 2010; Martin et al., 2001) . With respect to S versus M opponency, this question may be explored in dichromatic mammals that display systematic large-scale anisotropies in their cone mosaic (Rö hlich et al., 1994; Szé l et al., 1992) . In mice, such an anisotropy is laid out by a gradient of S-opsin coexpression in M-cones that increases along the dorsoventral axis toward the ventral edge of the retina (Applebury et al., 2000) , resulting in distinct retinal regions dominated by different opsins. Electrical recordings from retinal ganglion cells (RGCs) confirmed that this opsin gradient strongly affects chromatic response tuning across the mouse retina (Ekesten and Gouras, 2005; Wang et al., 2011) . Despite this, mice possess RGCs that display color opponency analog to that found in primate (Ekesten and Gouras, 2005) and behavioral experiments confirmed that mice can discriminate colors (Jacobs et al., 2004) . Connectivity analysis of mouse blue-cone bipolar cells showed that the distribution of pure (''true'') S-cones is unaffected by the gradient: they account for $4% of all cones and are distributed homogenously across the retina (Haverkamp et al., 2005) . Consequently, the mouse retina can roughly be divided into three functional regions: (1) a dorsal part that resembles the peripheral retina of most mammals in that it contains a majority of M-cones (with little S-opsin coexpression) interspersed with ''true'' S-cones, (2) an opsin transitional zone (OTZ), in which the ratio between S-and M-opsin expression in M-cones increases, and (3) a strongly S-opsindominated ventral part (Rö hlich et al., 1994) . The dorsal region is suitable for ''classical'' S versus M chromatic processing, whereas the ventral region may be largely restricted to achromatic processing (Yin et al., 2009) . The OTZ and its neighborhood are very interesting for exploring cone-type unselective chromatic processing, as here the S-versus M-opsin ratio changes dramatically over relatively short retinal distances. Hence, it is conceivable that RGCs in this region extract color information from the opsin gradient, e.g., if center and surround of a RGC's antagonistic receptive field receive input from regions with different opsin expression ratios (Ekesten and Gouras, 2005; Gouras and Ekesten, 2004) .
In the present study, we recorded from RGCs located along the dorsoventral axis of the mouse retina-in particular in and close to the OTZ-to study the effects of opsin distribution on the response properties of two types of cells that are generally considered achromatic: ''alpha-like'' RGCs, which represent highly sensitive change-in-brightness detectors, and directionselective RGCs, which signal direction of image motion. In both cases, we found the cells to encode chromatic information as a consequence of the interaction between opsin distribution anisotropy and cone-type unselective spatiotemporal processing.
RESULTS

Retinal Ganglion cells in the Vicinity of the Opsin Transitional Zone Display Chromatic Opponency
To evaluate the relative contribution of M-and S-opsin-mediated input as a function of cell location, we electrically recorded from RGCs at different positions in a range of approximately ±1.5 mm along the dorsoventral axis of the mouse retinal whole mount. Most cells were recorded in the temporal retina, approximately 0.9 mm from the optic disc. We used transgenic mice (GFP-O) (Feng et al., 2000) that express green fluorescent protein (GFP) in subsets of RGCs. Using two-photon imaging (Denk et al., 1990) , we visualized the dendritic morphologies of fluorescently labeled RGCs and targeted ON-cells with ''alpha-like'' morphology (RGA1 or RGA2, see Sun et al., 2002 ; soma diameters of $20 mm; dendritic field sizes of $260 mm; IPL stratification at $75%) for cell-attached recordings. We presented M-and S-opsin-isolating spot stimuli (2 mm in diameter) sinusoidally modulated at 1 Hz and recorded RGC spike responses (Figure 1) . In the following, we will refer to M-and S-opsin-isolating chromatic conditions (see Experimental Procedures for details) as ''green'' and ''blue,'' respectively. The fundamental response components (F1) of spike responses to green and blue were used to calculate chromatic contrast [C GB = (G-B)/(G+B)], which served as an estimate of opsin input ratio. As expected from the opsin expression gradient, dorsal RGCs received stronger M-(green) than S-opsin (blue) input (cell a, Figure 1A ), whereas ventral cells received stronger S-than M-opsin input (cell b, Figure 1B) (see also Wang et al., 2011) . Surprisingly, we also found cells that exhibited S versus M or M versus S opponency, that is blue ON -green OFF (cell c, Figure 1C ) or green ON -blue OFF (cells with Figure 2E ) type responses, respectively. To exclude that chromatic opponency resulted from a stimulus-related nonlinearity, such as a switch of response polarity for different contrasts (Odermatt et al., 2012) , we presented a second type of stimulus that consisted of 13 different contrastphase combinations (Figure 2A ). Accordingly, RGCs with different ratios of opsin input should exhibit different response profiles to this stimulus, reaching maximum and minimum response amplitudes at different contrast-phase combinations ( Figure 2B ). The opsin input ratio (represented by C GB ) was then estimated by fitting F1 amplitudes with a linear summation model (see Experimental Procedures for details). In contrast to the C GB estimate from the first stimulus (Figure 1 ), this estimate is expected to be resistant to static nonlinearities in the retinal circuitry (Supplemental Experimental Procedures available online). The data obtained with the second stimulus confirmed our observation of color opponency ( Figure 2C ): for the set of ''alpha-like'' ON-stratifying RGCs tested with both stimuli (n = 34), the estimated C GB was nearly identical ( Figure 2D ). In total, 71% of the recorded RGCs displayed chromatic opponency (jC GB j > 1) for both stimuli. The strongest opponency occurred within a region spanning approximately ±600 mm from the retina's horizontal midline ( Figures 2E; Figure S1 ), which covers the OTZ and its vicinity (for quantification, see below).
Chromatic Opponency Depends on Stimulus Size
In the retina and the LGN of primates, two principle types of color opponent neurons can be distinguished (Wiesel and Hubel, 1966) : type I cells possess a receptive field (RF) organization with antagonistic center and surround components that are each chromatically biased toward different cone types (e.g., midget RGCs, Buzá s et al., 2006; Lee, 1996) . Type II cells, on the other hand, possess RFs that are only weakly segregated into center and surround, and instead consist of coextensive, chromatically antagonistic RF components (e.g., ''small bistratified'' RGCs, Crook et al., 2009; Dacey and Lee, 1994) . To assess the RF properties of the mouse RGCs we presented the varyingcontrast stimuli (Figures 2A-2C ) but with smaller spot diameters, including one that was smaller than the dendritic field size of ''alpha-like'' RGCs ( Figure 3 ). We found that RGCs displaying chromatic opponency (jC GB j > 1) for 2 mm stimuli became nonopponent (jC GB j % 1) for 180 mm stimuli ( Figures 3A1 and 3A2 ). This change was observed both for cells with blue-(C GB < À0.2) and green-biased RF centers (C GB > 0.2; Figure 3B ). The dependency on stimulus diameter suggests that center and surround of the recorded RGCs received differential input from the two opsins, and therefore, in terms of chromatic opponency, these cells possessed type I RFs.
A Combination of Opsin Distribution and Antagonistic RFs Generates Chromatic Opponency in RGCs
The dependency of C GB on stimuli size and cell location along the dorsoventral axis implies that both center-surround RF organization and opsin gradient contribute to the observed chromatic opponency. A RGC located close to the OTZ (e.g., white cell in Figure 4A ) is expected to exhibit a relatively pure RF centereither M-or S-dominated, depending on its retinal locationand due to its large size a mixed RF surround. To explore this idea quantitatively, we built a simple numerical model with two components, opsin gradient and antagonistic centersurround RF organization ( Figure 4B ). The latter was estimated by fitting a difference-of-Gaussians RF model to responses of ''alpha-like'' RGCs elicited by spots of varying diameters ( Figure S2 ). The opsin gradient was assumed to be sigmoidal along the dorsoventral axis (see Experimental Procedures for model description; Figure S3 for parameter estimation). The results of the model are consistent with our experimental observations ( Figure 4C ): for small spots, C GB (as a function of retinal location) reflects the chromatic contrast prediction of the opsin gradient and remains within the nonopponent range (À1 % C GB % 1), whereas for large spots, C GB diverges from this prediction and becomes chromatically opponent (jC GB j > 1) for cells closer to the OTZ midline. Assuming a minimum criterion of jC GB j R 1.1 (for 2 mm stimuli), our model predicts that the region with detectable chromatic opponency in ''alpha-like'' RGCs spans ±580 mm from the OTZ midline (±690 mm when projected to the dorsoventral axis, see shaded area in Figure 4C ), which is consistent with our measurements (cf. Figure S1 ).
Chromatic Tuning of the RF Surround Is Asymmetric for RGCs Close to the Opsin Transitional Zone For RGCs located in the ''region of chromatic opponency'' (see above), the model predicts that center and surround possess different chromatic tuning-as indicated by the fact that their chromatic contrast of jC GB j > 1 depends on the stimulus diameter. It also predicts that the RF surround should be chromatically inhomogeneous, because the surround of ''alpha-like'' RGCs is so large (R1 mm in diameter, Figure S2A ) such that the dorsal and ventral parts of the surround can receive input from areas with dramatically different S-/M-opsin ratio (illustrated by large white circle in Figure 4A ). To test this hypothesis, we designed a white-noise stimulus consisting of nine ''patches'' with two independent color dimensions (blue and green). It consisted of one central patch to determine the chromatic tuning of the RF center and an annulus of eight 45 sector patches to probe the RF surround ( Figure 5A ). The relative chromatic tuning (G/[G+B]) of each patch position was quantified by computing spike-triggered averages (STAs) (see Figure 5B ; Supplemental Experimental Procedures) separately for green and blue. Because of difference in OTZ layout in temporal and nasal retina (Rö hlich et al., 1994) , only temporal cells were used here. The results confirmed our model predictions: nine out of ten cells displayed an asymmetry in chromatic tuning of their RF surround, with patches (sectors) on the dorsotemporal side of the cell being more green biased -as indicated by the vector sum of the G/[G+B] ratios for the patches (red bars in Figures  5B2 and 5C ). One more dorsal cell that was most distant from the OTZ (topmost cell in Figure 5C1 ) displayed little chromatic tuning in surround sectors. The tilt of the vector sum direction to the temporal side is consistent with the opsin gradient's nearly diagonal direction in the temporal retina (Rö hlich et al., 1994; Szé l et al., 1992) . Thus, the chromatic tuning change along the opsin expression gradient is directly reflected in the RFs of individual RGCs.
Based on the same data set we estimated the spatial profile of the opsin gradient in the temporal retina: using the chromatic tuning determined from each stimulus patch, a 2D map of the local opsin input was generated ( Figure S3A ). From this data, the OTZ width was estimated to be 220 mm (change in M/[M+S] ratio on sigmoidal fit from 27% to 73%, see Figure S3B ; Experimental Procedures).
Spiking Amacrine Cells Are Involved in Generating Chromatic Opponency in ''Alpha-like'' RGCs The dendrites of the recorded ''alpha-like'' RGCs were monostratified within the ON-sublamina of the inner plexiform layer (IPL). Therefore, it is unlikely that the respective chromatically opponent OFF-response represented direct OFF-bipolar cell input-as in the case of primate ''small bistratified'' RGCs (Crook et al., 2009 )-but suggests indirect input from ON-bipolar cells via sign-inverting amacrine cells (Chen and Li, 2012; Sher and DeVries, 2012) . Moreover, that chromatic opponency was restricted to stimulus diameters in the millimeter range points at an involvement of wide-field amacrine cells. In mammals, these GABAergic amacrine cells mediate lateral long-range inhibition and participate in generating the antagonistic RF organization of RGCs (e.g., Taylor, 1999; Demb et al., 1999) . Bath application of GABAzine and TPMPA (1,2,5,6-tetrahydro-pyridine-4-yl-methylphosphinic acid) to block GABA A and GABA C receptors, respectively, changed C GB in chromatically opponent RGCs to nonopponent (jC GB j % 1) for large stimuli (Figures 6A and 6B), but did not alter C GB for smaller stimuli ( Figure 6C ). This effect was statistically significant and reversible ( Figure 6D ). To confirm wide-field amacrine cells as the source of chromatic opponency, we then blocked voltage-gated sodium channels (VGSCs) using tetrodotoxin (TTX), because this group of amacrine cells generates sodium spikes (Bloomfield, 1992) . Since TTX also blocks spiking in RGCs, we recorded the RGCs in whole-cell current-clamp configuration and used the membrane voltage as readout ( Figures 6E, 6F , and 6H). The spiking response recorded before TTX application confirmed that the RGC was chromatically opponent (e.g., Figure 6G ). As with the GABA receptor blockers, RGCs became nonopponent during the TTX application ( Figure 6H ). This result makes also an involvement of horizontal cells in generating the observed chromatic opponency unlikely, as horizontal cells are considered nonspiking and thus should not be affected by TTX. Taken together, our pharmacological data suggest that spiking GABAergic (wide-field) amacrine cells are crucial for the chromatic opponency observed in ''alpha-like'' RGCs.
Direction Selective RGCs in the Opsin Transitional Zone
Encode for Chromatic Change So far, we have shown that the center-surround organization of RGCs allows extracting chromatic information from the opsin gradient, but it is unclear what effect it has on more complex RGC properties. Because of the opsin gradient, chromatic stimuli carry spatial information. For example, in the vicinity of the OTZ, spots of different colors may preferentially excite different sets of cones, which could be ''interpreted'' as different locations by downstream neurons. As a result, change in color can mimic change in spatial location, that is, motion. We tested this prediction by recording responses of direction-selective ganglion cells (DSGCs) to chromatically changing, stationary spot stimuli (Figure 7) . We expected that DSGC subtypes tuned to motion directions parallel to the dorsoventral axis (for review, see Borst and Euler, 2011) respond to chromatic changes in a similar way as to moving achromatic stimuli.
To identify DSGCs in the OTZ, we recorded population activity using two-photon Ca 2+ imaging of RGCs loaded with synthetic Ca 2+ indicator via electroporation ( Figure 7A ) (Briggman and Euler, 2011) . To locate the OTZ, we flashed blue or green 180 mm spots ( Figure 7B ) and recorded Ca 2+ responses in the ganglion cell layer. Based on these data, we selected fields of view with a majority of cells receiving largely balanced green and blue input (i.e., 0.5 < G/B < 2), indicative of the OTZ. We identified DSGCs by presenting achromatic (''white'') bar stimuli moving in eight directions ( Figure 7C ). Cells preferring dorsal or ventral motion were further tested with stationary 400 mm spots that switched between blue and green ( Figure 7D1 ). Using independently measured contrast sensitivity functions (for 180 mm spots, Figure 7B2) , the intensities of the green and blue stimulus components were calibrated individually for each cell such that they evoked comparable responses. As predicted, DSGCs that preferred motion in ventral direction displayed larger responses to the green / blue switch, whereas DSGCs that preferred the opposite motion direction displayed larger responses to the blue / green switch ( Figure 7D ). We then presented a sequence of two static achromatic patterns with S-or M-opsin gradientlike spatial profiles, which also elicited direction-selective responses ( Figure S5 ), indicating that the color change stimulus in combination with the opsin distribution is equivalent to an apparent motion stimulus. This confirms that chromatic information coded by opsin gradients can indeed be ''interpreted'' as spatial information at the level of the RGCs.
DISCUSSION
Past studies highlighted the importance of selective connectivity for the implementation of retinal circuits that extract chromatic information and lay the foundations of color vision (e.g., ''small bistratified'' RGCs in primate: Calkins et al., 1998; Crook et al., 2009; Dacey and Lee, 1994) . Here, we show that the extensive segregation into dorsal M-and ventral S-opsin expressiona mouse-specific retinal property that is intuitively considered detrimental to color vision-in fact serves as the basis of a chromatic processing strategy. In contrast to the ''classical'' chromatic circuits of the retina, the type of S versus M opponency described here does not rely on cone-type selective connectivity Response amplitude (mean ± SEM) of the same cell but to 13 step varying contrast stimulus (cf. Figure 2A) . Estimates of chromatic contrast, C GB , were based on fits (black curves). (B) C GB of n = 23 cells for three stimulus diameters (180, 1,000, and 2,000 mm). Each line represents a cell and is color-coded by C GB measured for 180 mm spots (green, C GB > 0.2; blue, C GB < À0.2; gray, À0.2 % C GB % 0.2).
Neuron
Chromatic Coding in Mouse Retina but instead emerges simply as a consequence of the interaction between an anisotropy in opsin distribution and ''conventional'' spatiotemporal processing. This has been hypothesized before (Neitz and Neitz, 2011) for the primate retina and is reminiscent of L-M opponency in the primate's midget pathway (e.g., Field et al., 2010; Martin et al., 2001) . Furthermore, this is a demonstration that chromatic opponency can arise from a single type of opsin coexpressing cone.
Diversity in Mouse Chromatic Processing at the Retinal Level
In the ''classical'' chromatic circuits of the primate retina, horizontal cells play a major role in generating the surround (Crook et al., 2009) . This is in contrast to what we found for ''alphalike'' mouse RGCs, where lateral interactions mediated by wide-field GABAergic amacrine cells generate a RF surround that is chromatically opponent and inhomogeneous in chromatic tuning ( Figure 8A ). Wide-field amacrine cells, which in mouse represent a diverse group of approximately ten types with neurites in the millimeter range (Lin and Masland, 2006) , provide a number of RGC types with long-range inhibition (e.g., Taylor, 1999; Demb et al., 1999) and therefore also other RGC types may display color opponency for large stimuli. This is supported by our Ca 2+ imaging showing that around the OTZ a third of the recorded cells displayed chromatically opponent responses ( Figure S4 ). It is noteworthy that both blue ON -green OFF and blue OFF -green ON type responses were observed within the same field, as expected from ON-center and OFF-center RGCs, respectively.
The selectivity of DSGCs for the sequence of a color change in a stationary spot may be explained by the cells' responses to apparent motion ( Figures 8B and 8C ). This stimulus paradigm consists, for instance, of a temporal sequence of two stationary bars that are flashed at different positions (Barlow and Levick, 1965) . Depending on stimulus geometry and timing, the responses evoked in DSGCs by such ''discontinuous motion'' are comparable to those evoked by continuous motion paradigms (Barlow and Levick, 1965 ). Whether or not visual ''situations'' exist, in which such color-sequence induced activation of DS pathways affect behavior, remains to be seen. That the color-sequence preference is likely a side effect of the DS mechanism could also explain the difference in stimulus size required to trigger chromatically selective effects in the two RGC types: for DSGCs, relatively small stimuli were sufficient, because direction selectivity is a local feature of the RF partition that approximates the cells' RF center (Barlow and Levick, 1965) , which for mouse DSGCs is approximately 200 mm in diameter. In contrast, color opponency in ''alpha-like'' RGCs relies on RF center-surround antagonism; the more of their large surround is stimulated, the stronger the opponency.
Comparison with Earlier Studies of Chromatic Processing in Species with Opsin Gradients
Opsin coexpression broadens the spectral tuning of individual cones, while opsin expression anisotropies lead to a segregation into retinal regions that differ in opsin dominance (Applebury et al., 2000; Rö hlich et al., 1994) . While usually considered as disadvantageous for color vision (Neitz and Neitz, 2001) , we show that these properties may serve as the basis for a novel implementation of chromatic opponency. Interestingly, the color opponency reported here likely requires only a single evolutionary cone type, although with varying opsin coexpression. The recorded RGCs may also receive input from ''true'' S-cones; however, this input is expected to be not crucial here, because ''true'' S-cones are homogeneously distributed across the retina (Haverkamp et al., 2005) . Dorsoventral opsin gradients were described in a number of mammals, including shrews, hyenas, rabbits, and guinea pigs (for review, see Peichl, 2005) . In terms of RGC chromatic processing in relation to opsin gradients, the most detailed studies were carried out in guinea pig (Yin et al., 2009 ). They focused on ''classical'' color opponent RGCs of the type II (Wiesel and Hubel, 1966) , the functional counterparts of the S versus L+M opponent RGCs described in primate retina (for review, see Dacey, 2000) and found S versus M opponent RGCs (<1% of all cells) in both dorsal and ventral retina, with reduced chromatic opponency in ventral RGCs. They mainly recorded from far dorsal and far ventral regions; therefore, it is unclear, if RGCs in the OTZ of the guinea pig retina exhibit similar chromatic properties as described here for mice. Two recent studies in mouse retina aimed at characterizing the relative opsin input to bipolar cells (Breuninger et al., 2011) and RGCs along the dorsoventral retinal axis, confirming that the opsin expression gradient strongly affects chromatic tuning. Like in the present study, Wang and coworkers (2011) recorded from RGCs with large somata, however, they did not report any chromatic opponency, possibly because of their stimulus diameters (%1 mm), which we found were too small to evoke clear chromatic opponency in ''alpha-like'' RGCs. This interpretation is supported by an in vivo study that reported $2% of mouse RGCs to display color opponency with full-field chromatic stimulation (Ekesten and Gouras, 2005) .
From our data, we estimated that the OTZ in the temporal mouse retina has a width of 0.2-0.3 mm ( Figures S3A and  S3B) , which is consistent with previous anatomical work (0.1-0.5 mm, Rö hlich et al., 1994), but narrower than earlier recordings suggest . This discrepancy may be due to the fact that Wang and co-workers projected the positions of the recorded RGCs from both nasal and temporal half onto the dorsoventral axis. Because the OTZ is not horizontal but tilted and its layout differs between temporal and nasal retina (Rö hlich et al., 1994) , such projection effectively smoothes the measured gradient profile. While the size of the region within which RGCs are chromatically opponent is a function of OTZ width, this region is clearly wider than the OTZ, because also RGCs in the OTZ neighborhood can receive input with different chromatic tuning from within the OTZ or even beyond via widefield amacrine cells ( Figure 8A ). Both modeling and experimental data suggest that for ''alpha-like'' RGCs this region spans approximately ±0.6 mm from the OTZ midline, which in the mouse corresponds to $36 of visual angle and is therefore quite substantial.
Comparison with the Midget Pathway in Primate Retina
The observed S versus M opponency in ''alpha-like'' mouse RGCs is reminiscent of primate midget RGCs, which also gain their L versus M opponency from antagonistic centersurround interactions (type I cells): In the primate fovea, most midget RGCs receive excitatory input from a single cone (''private line'') and probably unselective inhibitory input from a number of cones in the surround (Jusuf et al., 2006b ), resulting in chromatic opponency based on a chromatically pure center and a mixed surround (Lee, 1996; Paulus and Krö gerPaulus, 1983) . Moreover, both RGC types likely lack conetype selective circuits and instead use anisotropies in conetype (or opsin) distribution, although at very different spatial scales and via different pathways. Here, we show that ''alpha-like'' mouse RGCs are affected by the opsin gradient and that amacrine cells provide the chromatically opponent surround. Primate midget RGCs with their small dendritic fields, however, ''profit'' from local anisotropies in cone-type distribution due to their limited sampling of the cone array in fovea (Calkins et al., 1994; Wä ssle et al., 1989 )-the fact that each cone expresses only one type of opsin in primates renders opsin distribution inhomogeneous at the spatial scale of cones-and chromatic opponency arises from horizontal cell feedback (Crook et al., 2011) . Although toward the periphery, midget RGCs receive unselective center input from an increasing number of cones (Jusuf et al., 2006a) , their chromatic opponency does not decline with eccentricity as expected (Martin et al., 2001 ; but see Diller et al., 2004) . A possible explanation is that local inhomogeneities in cone-type distribution in combination with asymmetric RGC dendritic fields increase the probability of a chromatically L-or M-biased center. Other factors may contribute to maintaining L versus M opponency in the primate retinal periphery, since there is also evidence suggesting that the midget circuit wiring may not be completely random (Field et al., 2010) .
Potential Consequences for Chromatic Processing in
Higher Visual System and Animal Behavior It will be interesting to see if the regional chromatic processing described here contributes to color-related behavior demonstrated in mice (Jacobs et al., 2004) . That inhomogeneities in mouse opsin distribution can affect behavior is supported by studies of transgenic mice that express human L-opsin in cones (Jacobs et al., 2007) . Some of these mice successfully performed L versus M discrimination tasks and therefore were trichromats. Since L-opsin expression was inhomogeneous in these animals (Smallwood et al., 2003) , homogeneous light stimuli of different color are expected to activate cone populations with different spatial distributions (Makous, 2007) . As a consequence, downstream neurons with suitable spatially antagonistic RF organization may become chromatically opponent (Neitz and Neitz, 2011 )-analogous to ''alpha-like'' RGCs close to the OTZ.
It is also possible that the chromatic opponency demonstrated here is irrelevant to color-related behavior, but provides signals that allow higher visual areas correcting imprecise information received from the retina. As shown for DSGCs, one consequence of the opsin gradient is an entanglement of chromatic and spatiotemporal information, in particular in the OTZ. To correctly represent visual information received from this retinal region, large-scale chromatic information, as relayed by ''alpha-like'' RGCs, could be used to disentangle these two channels.
Large-Scale Anisotropies in Primate Retina
While the primate retina lacks a differential opsin distribution between dorsal and ventral retina (Peichl, 2005) , it displays another type of systematic large-scale anisotropy with respect to M+L versus S-cones: its fovea-periphery organization. The densities of the three primate cone types (L, M, and S) follow different functions of eccentricity. L-and M-cones are 30 times denser in the foveal center than the periphery (Perry and Cowey, 1985) , and the density declines rapidly within a 1 mm annulus around the fovea. In contrast, S-cones are almost absent in the foveal center and reach maximal densities at 0.1-0.3 mm of eccentricity (Curcio et al., 1991) . Furthermore, measurements employing adaptive optics revealed that the M/L cone ratio varies markedly not only among human subjects but even between two locations of the same retina (Hofer et al., 2005) . This suggests that also ''random'' large-scale anisotropies exist in primate retina and could affect L versus M processing. So far, most studies focused on defined eccentricities (e.g., foveal or ''peripheral'' retina); however, if and how interactions between fovea and peripheral (or regions with different M/L ratio) shape primate visual processing already at the retinal level, in particular, in the context of color vision, remain largely unexplored.
EXPERIMENTAL PROCEDURES Animals and Tissue Preparation
We used GFP-O transgenic mice (Feng et al., 2000) that featured sparse labeling of RGCs for electrophysiology and wild-type (C57BL/6) mice for Ca 2+ imaging. Mice (>6 weeks; both genders) were dark adapted for R2 hr before the experiment and all subsequent procedures were performed under dim red light. Mice were anesthetized with isoflurane (Baxter, Unters- (B) Simplified scheme of the retina's directionselective (DS) circuit with a DS ganglion cell that is located in the OTZ and prefers motion in ventral direction (B1). In brief, null direction motion (B2) elicits strong inhibition from asymmetrically connected ''starburst'' amacrine cells (SACs), vetoing excitatory input from bipolar cell (for details, see Borst and Euler, 2011) .
(C) Same circuit as in (B) but for color sequences. The green / blue sequence (C1) activates first the dorsal half (1) and then the ventral half (2) of the ganglion cell's receptive field, simulating apparent motion in preferred direction. Accordantly, the blue / green sequence (C2) simulates null direction motion (for details, see text).
chleißheim, Germany) and killed by cervical dislocation. All procedures were approved by the local animal care committee and were in accordance with the law of animal experimentation issued by the German Federal Government (Tierschutzgesetz). The eyes were cut dorsally (in head-coordinates) to preserve the retina's orientation. The position of this cut mark was estimated to vary by approximately ±15 of angle from actual dorsoventral axis defined by retinal landmarks (Wei et al., 2010) , which corresponds to an alignment error of %12 ( ffiffiffi 2 p ,s with s = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 30 2 =12 p ). The eyes were enucleated, and transferred to a Petri dish containing carbogenated (95% O 2 /5% CO 2 ) artificial cerebral spinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 20 glucose, supplemented with 0.5 mM L-glutamine. The retina was dissected out and mounted on ceramic filter (Anodisc 13, Whatman, Kent, UK) with the RGC side facing up. For electrophysiology, the filter with the retina was directly transferred into the microscope's recording chamber, where it was continuously perfused (at z3 ml/min) with carbogenated ACSF at 32-34 C.
For Ca 2+ imaging, the retina was loaded with the synthetic Ca 2+ indicator dye Oregon-Green 488 BAPTA-1 (OGB-1, hexapotassium salt, Invitrogen, Darmstadt, Germany) by bulk electroporation as described before (Briggman and Euler, 2011; see Supplemental Experimental Procedures) .
Two Photon Microscopy and Ca 2+ Imaging
We used a MOM-type two-photon (2P) microscope (designed by W. Denk, MPImF, Heidelberg; purchased from Sutter Instruments, Novato, CA). Both design and procedures were described earlier (Euler et al., 2009) . In brief, the system was equipped with a mode-locked Ti/sapphire laser (MaiTai-HP DeepSee, Newport Spectra-Physics, Germany) tuned to z930 nm, two detection channels for fluorescence imaging (red, HQ 622 BP 36; green, D 535 BP 50, or 520 BP 39; AHF, Tü bingen, Germany) and a 203 objective (XLUMPlanFL, 0.95 NA, Olympus, Hamburg, Germany). The red channel was used to visualize the retina using 0.5-1 mM sulforhodamine 101 (SigmaAldrich, Steinheim, Germany Electrophysiology and Pharmacology GFP-labeled ''alpha-like'' RGCs identified using 2P imaging were targeted for cell-attached recordings using electrodes (5-10 MU) filled with ACSF. For intracellular recordings, pipette solution consisted of (in mM): 120 K-gluconate, 5 NaCl, 10 KCl, 1 MgCl 2 , 1 EGTA, 10 HEPES, 2 Mg-ATP, and 0.5 Tris-GTP, adjusted to pH 7.2 using 1 M KOH. Data were acquired using an Axoclamp-900A amplifier (Molecular Devices, Biberach an der Riss, Germany), digitized at 10 kHz and analyzed offline using MATLAB (Mathworks, Ismaning, Germany). After the electrical recordings, the cell's morphology and soma position relative to optic disc and horizontal midline was documented. Under our recording conditions (see Light Stimulation below), ''alpha-like'' RGCs displayed resting spike rates of 35.1 ± 10.4 Hz (mean ± SD, n = 27 cells) and resting potentials of À64.8 ± 3.3 mV (n = 6 cells; corrected for a liquid junction potential of 14.2 mV). We did not determine these values for the imaged DS RGCs; however, rabbit data indicate that these cells have lower resting potentials (approximately À70 mV) and little or no resting spiking (Oesch et al., 2005) . All drugs were freshly prepared from stock solutions stored at À20 C using carbogenated ACSF and bath-applied at the following final concentrations: 20 mM Gz (GABAzine), 50 mM TPMPA (1,2,5,6-tetrahydro-pyridine-4-ylmethylphosphinic acid), and 0.5 mM TTX. All chemicals were purchased from Sigma-Aldrich unless noted otherwise. For statistical analysis, we used responses recorded when the respective drug was washed in or out for at least 20 min.
Light Stimulation
Dichromatic light stimuli were generated by two alternative stimulators. The first stimulator was mounted below the recording chamber, and consisted of two band-pass-filtered (UV, 360 BP 12; green, 578 BP 10; AHF) light-emitting diodes (LEDs), driven by an open-source microprocessor board (http:// arduino.cc) and synchronized with the microscope scanners. It generated a spatially uniform spot of 2 mm in diameter on the retina (Breuninger et al., 2011) . The second stimulator used a small reflective liquid-crystal display (LCoS-type; i-glasses; EST), coupled in the microscope's optical path and alternately illuminated by two band-pass-filtered (blue, 400 BP 10; green, 578 BP 10; AHF) LEDs, to project spatiotemporally structured stimuli through the objective lens onto the retina (Euler et al., 2009) . Stimulator intensity was measured using a calibrated photometer (Model 842-PE, 200-1,100 nm, Newport) set to the respective center wavelength of the LED filters. Cone photoisomerization rates were calculated using the relative sensitivities of the mouse cone opsins at the LED filter wavelengths via an opsin template (Stockman and Sharpe, 2000) fitted to the peak sensitivities (360 and 511 nm, Jacobs et al., 1991) and assuming light collection area of 1 and 0.85 mm 2 per cone and rod, respectively (Naarendorp et al., 2010) .
Because the mouse opsin sensitivity spectra overlap, M-opsin is activated also by blue light. We estimated this coactivation of M-opsin by the blue stimulus (as percentage of peak activation at 511 nm) for both stimulators (at 360 and 400 nm) to be $11%, which is in the range of what was measured in S-opsin knockout mice ($10%, Daniele et al., 2011) . Coactivation of S-opsin by the green stimulus was negligible (<10 À5 % at 578 nm). To compensate for M-opsin coactivation we used the ''silent substitution '' method (Esté vez and Spekreijse, 1982) : S-opsin-isolating stimuli contained a green component that was 180 phase-shifted ( Figure 1A2 ).
Six stimulus protocols were used:
(a) S-and M-opsin-isolating stimulus, generated by 1 Hz sinusoidal modulation of the two LEDs with a mean contrast of 57% ( The retina was always illuminated with a constant photopic range background. For protocols (a)-(c), this background generated photoisomerization rates (10 4 , P*s À1 per photoreceptor) of 2.2 for M-opsin, 2.2 for S-opsin and 3.2 for rhodopsin with the 1 st stimulator and 2.3, 2.2, and 4.8 with the 2 nd stimulator. These background intensities were expected to suppress 99.0% and 99.4% of the rod response, respectively (Nikonov et al., 2006) , in line with RGC recordings in transgenic mice that lack cones . For protocols (d)-(f), the background illumination was equivalent to photoisomerization rates of 1.2 for M-opsin, 0.9 for S-opsin and 2.2 for rhodopsin (98.7% suppression of rod response).
Data Analysis
From spike data recorded with sinusoidally modulated stimuli, firing rate histograms were calculated (20 ms bins). Fourier analysis was used to determine amplitude ðAF1Þ and phase ð4 F1 Þ of fundamental component F1 (at stimulus frequency F Stim = 1 Hz). In case of the 13 step protocol (b), first A F1 and 4 F1 were calculated from F1 for each condition and then the M/S-opsin input ratio was estimated by fitting the responses with a weighted sum of M-and S-opsin input:
with W M and W S , the weights of M-and S-opsin input, and M C and S C , the M-and S-opsin contrasts of the stimulus (see Supplemental Experimental Procedures).
To evaluate the relative contribution of M-and S-opsin-mediated input in the Ca 2+ imaging experiments, the responses to various contrast steps (stimulus [e]) were fit with a contrast sensitivity function using the Naka-Rushton Equation (Naka and Rushton, 1966) :
If not indicated otherwise, Student's t test was used to determine statistical significance between different conditions, with **p < 0.01 and *p < 0.05.
Computational Modeling
To estimate the effect of the opsin gradient on chromatic coding in RGCs, we constructed a simple model. The receptive field of ''alpha-like'' RGCs was estimated using a DOG model (Supplemental Experimental Procedures; Figure S2) , denoted by rðx; yÞ, with x and y being the position relative to the center of the cell's receptive field, and r, the input strength that the RGC receives at this position. The opsin gradient was estimated by two sigmoidal functions, defining M-and S-opsin expression as mðxÞ = 0:05 + 0:9 1 + e Àx=s ; and sðxÞ = 1 À m (Equation 4) with x being the distance from the midline of the OTZ (in mm) and s = 110mm, as estimated from the nine ''patch'' white noise experiment (Supplemental Experimental Procedures and Figure S3 ). In addition, we assumed a baseline expression of 5% S-and M-opsin in the far dorsal and ventral retina, respectively. To reflect the layout of the OTZ (Rö hlich et al., 1994) in the model, the OTZ midline was tilted by 13 in the nasal and 34 in the temporal half, intersecting the dorsal-ventral axis 575 mm dorsal from the optic disc ( Figure 4A ). The width of the OTZ was defined as 2s, equivalent to the retinal distance over which the sigmoidal fit of the M/(M+S) opsin ratio changes from 27% to 73% (with the sigmoid minimum and maximum normalized to 0% and 100%, respectively). When a cell with its center at (x 0 , y 0 ) relative to the optic disc is stimulated by a green spot that is centered on the cell and has a diameter d, the M-opsin input to this cell is calculated using Figure 4 shows the chromatic contrast along a line parallel to the dorsoventral axis in the temporal retina (900 mm offset from the optic disc), where most RGCs were recorded.
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